ADDITIONAL INDEX WORDS. hourly evapotranspiration, emitter, dye test SUMMARY. For shallow-rooted vegetables grown in sandy soils with low waterholding capacity (volumetric water content <10%), irrigation water application rate needs to provide sufficient water to meet plant needs, to avoid water movement below the root zone, and to reduce leaching risk. Because most current drip tapes have flow rates (FRs) greater than soil hydraulic conductivity, reducing irrigation operating pressure (OP) as a means to reduce drip emitter FR may allow management of irrigation water application rate. The objectives of this study were to determine the effect of using a reduced system OP (6 and 12 psi) on the FRs, uniformity, and soil wetted depth and width by using three commercially available drip tapes differing in emitter FR at 12 psi (Tape A = 0.19 gal/h, Tape B = 0.22 gal/h, and Tape C = 0.25 gal/h). Reducing OP reduced FRs (Tape A = 0.13 gal/h, Tape B = 0.17 gal/h, and Tape C = 0.16 gal/h) without affecting uniformity of irrigation at 100 and 300 ft lateral runs. Flow rate was also reduced at 300-ft lateral length compared with 100 ft for all three tapes. Uniformity was reduced [''moderate'' to ''unacceptable'' emitter flow variation (q var ) and ''moderate'' coefficient of variation (CV)] at 300 ft for Tape B and C compared with ''good'' q var and ''moderate'' to ''excellent'' CV at 100 ft. Using soluble dye as a tracer, depth (D) of the waterfront response to irrigated volume (V) was quadratic, D = 4.42 + 0.21V -0.001V 2 (P < 0.01, R 2 = 0.72), at 6 psi, with a similar response at 12 psi, suggesting that depth of the wetted zone was more affected by total volume applied rather than by OP itself. The depth of the wetted zone went below 12 inches when V was %45 gal/100 ft, which represented %3 h of irrigation at 6 psi and 1.8 h of irrigation at 12 psi for a typical drip tape with FR of 0.24 gal/h at 12 psi. These results show that, for the same volume of water applied, reduced OP allowed extended irrigation time without increasing the wetted depth. OP also did not affect the width (W) of the wetted front, which was quadratic, W = 6.97 + 0.25V -0.002V 2 (P < 0.01, R 2 = 0.70), at 6 psi. As the maximum wetted width at reduced OP was 53% of the 28-inch-wide bed, reduced OP should be used for two-row planting or drip-injected fumigation only if two drip tapes were used to ensure good coverage and uniform application. Reducing OP offers growers a simple method to reduce FR and apply water at rates that match more closely the hourly evapotranspiration, minimizing the risk of leaching losses.
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n Florida, irrigation scheduling is becoming more important in vegetable production as a result of increasing restriction on use of water resources and the need to improve fertilizer use efficiency (Obreza and Sartain, 2010) .
Current best management practices and University of Florida's Institute of Food and Agricultural Sciences (UF/IFAS) recommendations specify the amount to irrigate, adjusting it on the basis of soil moisture, accounting for rainfall contribution, and splitting irrigation events that are greater than 2 h (Florida Department of Agriculture and Consumer Services, 2005; Simonne et al., 2010 ).
An irrigation event should be able to provide water to wet the root zone for active uptake of water. In two studies conducted on tomato (Solanum lycopersicon), roots were localized in the top 12-16 inches of the soil, with %90% of them found laterally within 8 inches of the stem (Hammami and Daghari, 2007; Machado et al., 2003) . Assuming a fully expanded active crop root zone of 8-inch radius and 12-inch depth that occupies a cylindrical soil volume, the greatest volume of water that could be stored in Florida's sandy soils with poor water-holding capacity of 0.03-0.10 inch of water per inch of soil is 0.3-1.0 gal for each plant root system (U.S. Department of Agriculture, 2006) . For drip-irrigated tomatoes on 6-ft bed centers grown with plastic mulch on Florida's sandy soils, the estimated daily crop water use [evapotranspiration (ETc)] could be as high as 4600 gal/acre or 63 gal/ 100 ft (0.95 gal/plant per day for 4840 plants at 18-inch plant spacing) (Simonne et al., 2010) . Currently, available low-to-medium flow drip tapes typically range between 15 and 24 gal/100 ft per hour. More commonly, the FR of 24 gal/100 ft per hour is used for tomato production, with nearly 2.5 h of irrigation needed to meet daily plant water demand of 63 gal/100 ft. Irrigating continuously for 2.5 h to supply 0.95 gal/plant of water would be at the upper end of storable water for this volume of soil (0.3-1.0 gal), thereby increasing the risk of deep percolation of water. Hence, UF/IFAS recommends that such irrigation be split into three irrigations of %1500 gal/acre (0.31 gal/plant) each to replace ETc and not to exceed soil's water-holding capacity (Fig. 1A) . However, recent research (Farneselli et al., 2008; Simonne et al., 2003 Simonne et al., , 2006a has indicated that although UF/IFAS recommendations satisfy plant water needs, they may not be sufficient to keep the wetted front from moving below the typical vegetable active root zone of 12 inches.
Shallow (20 ft) water quality monitoring has also found nitrate-N (NO 3 --N) concentrations to spike up to 40 mgÁL -1 ÁNO 3 --N when these recommendations are followed (Simonne et al., 2006b) . It may be possible to further reduce the risk of deep percolation if reduced amounts of water were applied during the different irrigation cycles within a day (Fig.  1B) . Current crop water use estimates are based on daily ETc estimates. ETc varies according to the diurnal flux of solar radiation (Zur and Jones, 1981) , and 30% to 40% of daily ET may occur during the 2-h period between 11:00 AM and 1:00 PM (Clark and Smajstrla, 1996) . The crop water need during this period is %0.4 gal/plant with an hourly requirement of 0.2 gal/plant. Current UF/IFAS recommendations do not take into account the variation in hourly ETc (ETch). The risk of water draining below the crop root zone could be reduced if drip irrigation provides slow but continuous irrigation that matches more closely ETch (Fig. 1C) . This would require a variable FR that could be changed by changing operating pressure (OP).
Water can be applied slowly ( Fig.  1B and C) by using emitters with low FRs (<15 gal/100 ft per hour). Studies had found that more water was retained in the upper soil level when a lower emitter FR was used. Levin et al. (1979) • February 2011 21 (1) system because emitter FR is empirically related to water pressure by
where q is the emitter FR (gal/h), p is the water pressure (psi), k is the emitter discharge coefficient, and x is the emitter discharge exponent (Smajstrla et al., 2008; Thompson, 2003) . The exponent x is unique for each type of drip tape as it varies with the types of emitter and plastic used.
For laminar flow where FR varies directly with pressure, x approaches 1. For turbulent orifice flow, x is 0.5, whereas for fully pressure-compensating emitter, x is close to 0.1 (Thompson, 2003) . Manufacturers typically do not report k and x values on the drip tape label. Instead, they guaranteed uniformity at a maximum lateral length, FR, and OP. Dowgert et al. (2007) suggested the use of gravity-based systems operating on very low pressures of 3-5 psi, resulting in lower FRs that allowed greater lateral soil water movement in addition to reducing deep percolation and, hence, losses of water and crop nutrients. At the low pressure of 3 psi, they obtained measured FRs that match calculated rates based on k and x values and good emission uniformity (>90%) for lateral lengths of 240 ft. Using a pressure of 3 psi, they applied 2 inches of water in 36 h to achieve uniform whole bed soil wetting for onion (Allium cepa) establishment in Texas, whereas the same water amount was applied in 3 h at standard 10 psi pressure and soil wetting of the bed was not complete. Furthermore, with the lower rate of water application, they reported water savings of 40% to 60% for potato (Solanum tuberosum) and corn (Zea mays), respectively, grown in Chihuahua, Mexico. We hypothesized that the reduced OP could also be applied in conventional drip irrigation systems to create lower FRs that would apply water slowly and continuously so that hourly water needs of plant are met while minimizing losses from deep percolation. However, it is possible that reduced OP may reduce uniformity, which may result in uneven plant growth. The objectives of this study were to determine the effect of using a reduced system OP on the FRs, uniformity on 100-and 300-ft-long laterals, and soil wetted depth and width using three commercially available drip tapes.
Materials and methods

FLOW RATES AND UNIFORMITY
TRIALS. An experiment was conducted twice at the North Florida Research and Education Center-Suwannee Valley near Live Oak, FL, in Fall 2009. The irrigation system consisted of a well, a pump, a back-flow prevention device, a 150-mesh screen filter, in-line pressure regulators of 6 and 12 psi, and drip tape. Drip tape was laid flat on top of the ground without raised bed. Pins were used about every 50 ft to keep the drip tapes straight and in place. Operating pressure was regulated by installing in-line pressure regulators (Senninger Irrigation, Orlando, FL) for the standard OP of 12 psi, 2-20 gal/min, and reduced OP of 6 psi, 4-16 gal/min. Three drip tapes with 12-inch emitter spacing were tested [Eurodrip, 0.16 gal/h at 10 psi (Eurodrip U.S.A., Madera, CA); Typhoon, 0.24 gal/h at 10 psi (Netafim U.S.A., Fresno, CA); and Ro-Drip, 0.24 gal/h at 8 psi (John Deere Water, San Marcos, CA)] at 12 and 6 psi OP and on 100 and 300 ft length laterals. The three drip tapes were designated Tapes A, B, and C.
Manufacturers' recommendations for maximum drip tape run lengths range from 300 to 1000 ft. The lowend 300 ft was chosen as the standard in comparison with a shorter length of 100 ft. After pressurizing the system, water from two consecutive emitters was collected using a catch can for 10 min at every 50 ft interval along each drip tape. There were three (at 0, 50, and 100 ft) and seven (at 0, 50, 100, 150, 200, 250 , and 300 ft) sampling points for the 100-and 300-ft lengths, respectively. Flow rate for each drip tape at each length was calculated as the mean emitter discharge of the three to seven sampling points. Uniformity of water application was assessed according to Camp et al. (1997) . Briefly, emitter flow variation (q var ), CV, and uniformity coefficient (UC) were calculated as follows:
where q max is the maximum emitter FR and q min is the minimum emitter FR.
where s represents the SD of emitter FRs and q is the mean emitter FR.
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where n represents the number of emitters evaluated and q i is the emitter FR of the ith emitter. The 12 treatments (3 drip tapes · 2 OP · 2 lateral lengths) were replicated four times in a split-split-plot randomized complete block design, with OP as main plot factor, drip tape as subplot, and length as sub-sub-plot. SAS Proc Mixed (version 9.2; SAS Institute, Cary, NC) was used for analysis of variance of the FRs, q var , CV, and UC in different drip tape types, length, and OP treatments. DYE TESTS TO VISUALIZE WETTED ZONES. Another experiment was repeated at the same location on an Alpin-Blanton-Foxworth fine sand in Fall 2008 and 2009 using new rolls of tapes each year. Treatments were factorial combinations of OP (12 and 6 psi) and drip tape types (Tapes A, B, and C) in a split-plot design, with each treatment replicated four times. OP was the main plot factor in randomized complete block design with tape as sub-plot factor. Before the dye test was performed, 28-inch-wide raised beds were made, covered with low-density polyethylene mulch, and laid with drip tape on the surface. Each bed was divided into four plots of 20-ft length for irrigation treatment for 45, 90, 180, and 240 min. Drip tapes between plots were connected by on/off valves. After pressurizing the system, %1 gal of Brilliant blue CF dye (Terramark SPI High Concentrate; Prosource One, Memphis, TN) was injected at 1:49 (dye/ water) dilution rate for %30 min and the plots were subsequently irrigated. The plots with the shortest irrigation times were located farthest away from the water source (Fig. 2) . At the end of each irrigation time, water flow was shut off for that plot. To keep the irrigation system water demand and pressure constant, one additional drip tape of equal length was opened every time when a section of drip tape was turned off. Pressure was monitored at the end of the drip tape using a portable pressure gauge. Transverse sections of the beds on selected emitters were dug by hand after each irrigation time to observe the dye pattern, which was indicative of the wetted zone. Measurements of the maximum depth [D (vertical length from the drip tape to the bottom of the blue dye)] and width [W (maximum width of the blue dye)] of the dye pattern were taken. D and W responses to OP and drip tape type were analyzed using SAS Proc Mixed. As FRs for each OP and drip tape treatment were different, volumes of water applied would vary depending on the irrigation durations. Irrigated volumes (V) were calculated for each treatment on the basis of FRs of each drip tape measured at 6 or 12 psi (as described in previous uniformity trials). Regression analysis of D and W responses to irrigated volume was carried out using SAS Proc REG. The square-root transformation of V was used for comparison of intercepts and slopes between 6 and 12 psi treatments, which was analyzed with SAS Proc GLM to determine if the two regression lines were significantly different from one another (Milliken and Johnson, 2001 ).
Results and discussion
FRS AND UNIFORMITY. The measured pressure at the end of the drip tape averaged 5.5 psi (range = 5-6 psi) and 10.5 psi (range = 9-12 psi) for the respective 6-and 12-psi OP treatments. Data from the two repetitions of the experiment were pooled as repetition · OP was not significant (P = 0.40 for FR, P = 0.99 for q var , P = 0.91 for CV, and P = 0.86 for UC). Because tape · length interaction was significant (P £ 0.01), the variables FR, q var , CV, and UC were analyzed separately by drip tape. Measured FR more closely match theoretical ones for Tape A, whereas measured FRs were 10% to 25% lower for Tapes B and C at both 6 and 12 psi OP (Table  1 ) compared with the theoretical FR, which could be attributed to different types of plastic materials used to manufacture the drip tapes. At 6 psi OP, FRs were reduced to 0.13, 0.17, and 0.16 gal/h, decreases of 32%, 23%, and 38% compared with FRs at 12 psi, for Tapes A, B, and C (P £ 0.01 for all three tapes), respectively. This shows that FRs can be reduced by reducing OP and the FRs at reduced OP could be approximated from k and x values, which could be obtained from manufacturers. Flow rate was also significantly affected by drip tape length, with higher FRs of 0.17, 0.20, and 0.23 gal/h at 100 ft compared with 0.15, 0.18, and 0.18 gal/h at 300 ft for Tapes A (P < 0.01), B (P = 0.02), and C (P < 0.01), respectively.
Emitter flow variation <10% may be regarded as ''good'' and q var >20% as ''unacceptable'' (Safi et al., 2007) . Coefficient of variation is classified as ''excellent'' at <5% and unacceptable at >15% (American Society of Agricultural Engineers, 1996) . A UC of >90% is considered as excellent and <50% is unacceptable (Smajstrla et al., 2008) . The uniformity parameters q var , CV, and UC were not significantly affected by OP in all three drip tapes (Table 2 ). However, q var for Tape A was unacceptable at 23% at 6 psi compared with 10% at 12 psi. Tape B had good q var of 9% at both 6 and 12 psi, whereas Tape C had ''moderate'' q var of 16% and 14% for 6 and 12 psi, respectively. A similar trend in CV was obtained for each drip tape, with Tape B showing excellent CV below 5%. However, all three tapes showed excellent UC greater than 90%. These results show that reducing the system OP did not practically reduce the uniformity of water application, although certain drip tape type may show greater variations in emitter flow.
Tape length had a significant effect on the uniformity of Tapes B and C, but not on that of Tape A. Longer runs of Tapes B and C showed greater q var (13% and 22% for Tapes B and C, respectively; P < 0.01 for both) and greater CV [5% and 9% for Tapes B (P = 0.03) and C (P < 0.01), respectively] compared with short runs (q var of 5% and 9% for Tapes B and C, respectively, and CV of 3% and 5% for Tapes B and C, respectively) ( Table  2 ). The q var for Tape B at 300 ft was ''moderate,'' whereas q var for Tape C at 300 ft was ''unacceptable,'' although CV for both tapes was ''moderate.'' On the basis of these results, reduced OP seems to be more appropriate for short runs as they allow for greater uniformity. Poor uniformity of water application and unevenly distributed water would create zones of over/under irrigations and reduction in crop growth uniformity, leading to potential yield reductions and excessive nutrient leaching . This makes reduced OP a practice better suited for small fields or for large fields with multiple zones and short rows.
Although reducing OP significantly reduced FRs [from 0.13 to 0.17 gal/h at 6 psi (Table 1) ] without affecting uniformity of irrigation, the FRs obtained were comparable to currently available drip tapes with low FR of 0.15 gal/h. Therefore, to apply water to more closely match hourly water needs in a sandy soil and reduce the risk of deep percolation, currently available low flow drip tape could be used. However, having a drip tape at a higher FR of 0.24 gal/h offers more Tape A = Eurodrip, 0.16 gal/h at 10 psi (68.9 kPa), Tape B = Typhoon, 0.24 gal/h at 10 psi, and Tape C = Ro-Drip, 0.24 gal/h at 8 psi (55.2 kPa). y q var : G = good (<10%), M = moderate (10% to 20%), U = unacceptable (>20%); CV: E = excellent (<5%), M = moderate (5% to 15%), U = unacceptable (>15%); UC: E = excellent (>90%), U = unacceptable (<50%). versatility to the grower. By installing an adjustable in-line pressure regulator, he/she could reduce the FRs to match the periods of low ETc and revert to high FRs during maximum ETc. It is important for the grower to select the right type of drip tape that would have low variation at reduced OP. To do so, it would be helpful if manufacturers could provide expected FRs and information on other uniformity parameters such as q var and CV at reduced OP on the drip tape label so that growers could make an informed decision on whether the drip tape is suitable to be used in a system with reduced OP.
MOVEMENT OF WATERFRONT. The dye pattern appeared as a round to elliptical blue ring surrounding an uncolored section of soil as clear water was injected after the dye (Fig.  3) . This pattern was similar to those reported in this and other sandy soils of Florida (Farneselli et al., 2008; Simonne et al., 2003 Simonne et al., , 2005 Simonne et al., , 2006a Zotarelli and Dukes, 2010) . Because, year · OP and tape · OP interactions were not significant for D (P = 0.26 and 0.06, respectively) and W (P = 0.05 and 0.36, respectively), responses to irrigated volume were pooled for both years and all drip tapes. Depth response to volume of irrigated water was quadratic and described as D = 5.34 + 0.16V -0.0007V 2 (P < 0.01, R 2 = 0.80) at 12 psi and D = 4.42 + 0.21V -0.001V 2 (P < 0.01, R 2 = 0.72) at 6 psi (Fig. 4A) . The intercepts and slopes for the transformed regression lines were not significantly different (P = 0.37 and 0.60, respectively), which indicated that depth response to volume was unaffected by OP. The depth of wetted zone was beyond the active crop root zone of 12 inches when V was %45 gal/ 100 ft, which represented %3 h of irrigation at 6 psi and 1.8 h of irrigation at 12 psi for a typical drip tape with FR of 24 gal/100 ft per hour (Tape C). These results show that, for the same volume of water applied, reduced OP allowed extended irrigation without increasing the wetted depth.
The width of the wetted front also showed a quadratic response to irrigated volume and could be described as W = 7.58 + 0.17V -0.0006V 2 (P < 0.01, R 2 = 0.77) at 12 psi and W = 6.97 + 0.25V -0.002V 2 (P < 0.01, R 2 = 0.70) at 6 psi (Fig. 4B) . The intercepts and , and 1 inch = 2.54 cm.
• February 2011 21 (1) slopes of the transformed lines were not significantly different (P = 0.37 and 0.94, respectively), which indicates that OP did not affect the width of the wetted zone. For a fixed V within the tested range of 9-108 gal/ 100 ft, the increase in wetted width at 6 psi was not significant compared with that at 12 psi. However, maximum W of 14.8 inches was reached at a lower V (V = 62.5 gal/100 ft) for the 6 psi treatment, which accounted for 53% of the 28-inch-wide bed. At 12 psi, maximum W of 19.6 inches (70% of bed width) was predicted at V = 142 gal/100 ft. Previous studies have reported wetted bed width of 57% to 70% when irrigation was applied at 10 to 12 psi (Santos et al., 2003; Simonne et al., 2006a) . These results suggest that reduced OP is more suited for crops planted in single-row arrangements if a single drip tape was used because if there were two rows of plants, there may not be sufficient lateral movement of water to irrigate plants at the sides of the bed. Additionally, if reduced OP was used for drip-injected soil fumigants, it would be necessary to use two drip tapes to ensure good coverage and uniform application of the fumigant as was suggested by Csinos et al. (2001) , who found maximum wetted bed width of 60% for a 25-inch-wide bed. For irrigation scheduling purposes, using a low OP of 6 psi can wet %7.5 inches on either side of the drip tape, and with complete emitterto-emitter coverage of 12 inches estimated to be at V = 25 gal/100 ft (%1.5 h of irrigation). These results showed that for a given irrigated volume, reduced OP did not decrease the depth nor increase the width of the wetted zone. Instead, the actual volume of irrigated water applied is more important in determining movement of the waterfront.
Conclusion
With the use of reduced OP (6 psi), FR for the three selected drip tapes was significantly reduced by 23% to 38% depending on the type of drip tape. Short runs (100 ft) of drip tapes were more uniform than long runs (300 ft), although it also depends on the drip tape type. Reduced OP is more appropriate for short runs as they allow for greater uniformity, making reduced OP more suited for small fields or for large fields with multiple zones of short rows. It is important to select a suitable drip tape that has low variation and high uniformity in water application. Reduced OP neither decreases the depth of the waterfront in the soil nor affects the wetted width for a given irrigated volume applied. The crop root zone depth of 12 inches was attained after 3 h of irrigation at 6 psi compared with 1.8 h at 12 psi, indicating that reduced OP allows extended irrigation without moving the waterfront downward. Maximum wetted bed width at reduced OP was %53% of bed width, which makes reduced OP more suited for single-row plant crops if only a single drip tape was used. Reduced OP offers growers a simple method to reduce FR so that irrigation water could be applied at rates that match more closely the hourly ET to minimize deep water percolation and subsequent leaching losses. Growers could make better choices of drip tape if manufacturers provided information on FRs, emitter variation, and uniformity at different OP on the drip tape labels.
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